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Sciences and ChinesAbstract Graphite nanosheets (GNS) were prepared by surfactant assisted ultrasonication from
expanded graphite (EG) and followed by coating onto vinylon fabrics with water-borne polyurethane
(WPU). The morphology of GNS and GNS/polyurethane (PU) coatings was characterized by ﬁeld
emission scanning electron microscope (FESEM), and the structure of GNS was studied by fourier
transform infrared (FTIR) spectroscopy. Electromagnetic (EM) parameters indicated that GNS is a
kind of dielectric loss material, in which little magnetic loss is found. Reﬂection loss (RL) results
showed that both GNS content and coated thickness had great inﬂuences on the microwave absorption.
For the fabric coated with GNS/PU nanocomposites (30/100 by weight, wet thickness of 0.39 mm for
dry areal density in 130 g/m2), RL values exceeding 5 dB could be obtained in the frequency range of
10.7–18 GHz, while 10 dB in 12.7–18 GHz, and a minimum value of 28 dB at 15.2 GHz. These
GNS/PU coated fabrics are light and ﬂexible with much thin and low-cost coated layer, and showed
great potential in radar camouﬂaging and electromagnetic interference application.
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Microwave absorptive fabrics (MAFs) are widely studied not
only in military ﬁeld for stealth technology, but also in civil
aspects to avoid the serious pollution of EM radiation deriving
from various electronic apparatuses. In past years, EM
properties of intrinsic conductive fabrics or fabrics coated
with absorbers have been investigated, such as carbon ﬁber
fabric [1–4], nonwoven polyacrylonitrile (PAN) and poly
(ethylene terephthalate) (PET) impregnated with polyanilinesting by Elsevier Ltd. All rights reserved.
Novel MAFs coated with GNS/PU nanocomposites 289(PANI) [5], glass ﬁbers coated with multi-walled carbon
nanotubes (MCNTs)/epoxy [6], cotton fabric coated with barium
ferrite doped PANI [7], and Ag deposited PET fabric [8], etc.
Compared with absorptive coatings on hard substrates such as
metal and plastic sheets, these MAFs are more competitive due to
their ﬂexibility and light weight. But until now, the investigated
bandwidths were too narrow or the absorption effects were not
good enough. For example, the bandwidth for RLo5 dB
was only 4 GHz ( from 8 to 12 GHz) for carbon ﬁber fabric
impregnated with polyaniline [3], and the average absorption rate
of the fabric coated with barium ferrite doped PANI was 48%
(RLo2.8 dB) in the range of 6–14 GHz [7].
In order to improve the microwave absorption performance
of MAFs, the simplest method is to coat them with effective
microwave absorbers. Among these absorbers, carbon-based
materials (e.g., carbon black, carbon nanotubes (CNTs), and
graphite) have gained much attention due to their unique
combination of electrical conduction, polymeric compatibility,
light weight and resistant to corrosion. As for carbon black, a
high loading and thick coating are required for broadband
absorption [9–11], and as to CNTs, the high cost and
producing difﬁculty are the limitations for their application
although some good absorption performances have been
gained by some researches [12–22].
So, for the aim of high absorption and low-cost producing,
more and more attention have been paid to graphite and its
derivatives by some researchers [23–28]. Because of the special bi-
dimensional shape of graphite ﬂakes, they are easily agglomerate,
and microwave would be reﬂected back on the surface of graphite,
so the modiﬁcation and reprocessing are necessary. Bellis et al. [23]
studied the shielding effectiveness of graphite nanoplatelets, which
were prepared from expanded graphite (EG), and concluded they
were better than CNTs. Gogoi et al. [24] synthesized EG from
natural graphite (NG), and an attenuation of 13 dB was obtained
in the range of 8–12 GHz for EG/novolac phenolic resin compo-
site with a thickness of 3.7 mm. In addition, the bandwidth of
ﬂake graphite prepared by milling could reach 6 GHz (12–
18 GHz) when the RLo5 dB [25]. And for graphite nanoplate-
let after acid treatment, the RL is below 5 dB from 14 to
18 GHz [26]. However, the thicknesses of aforementioned sam-
ples were all more than 2 mm. Although Wang et al. [27] studied
some samples of FeCo alloy particles/graphite nanoﬂake com-
posites with thicknesses less than 2 mm, the absorption band-
width was only about 5 GHz when the RLo5 dB and the
minimum value was only about 17 dB. Therefore, thinner
absorptive coatings need to be further investigated.
In this study, graphite nanosheets (GNS) were prepared via
microwave irradiation from expandable graphite and followed
by surfactant assisted ultrasonication. Some GNS/PU nano-
composites coated vinylon fabrics exhibit better properties
with thinner coatings compared to most of the reported MAFs
and carbon-based coatings. The fabric with GNS/PU
(30 wt%) could achieve a RL below 5 dB in 10.7–18 GHz,
and 10 dB in 12.7–18 GHz, with a wet coating thickness of
0.39 mm and dry coating areal density of 130 g/m2.2. Experimental
EG was obtained by heating expandable graphite (Qingdao
Ruisheng Graphite Co. Ltd., 250 expansion ratio) in a
domestic microwave oven (Glanz, P70D20TL-D4) withfull heat for 1 min. GNS suspension was prepared by
tip-sonication of EG in aqueous solution of sodium carboxy-
methylcellulose (SCMC), with a soniﬁer (Branson Ultrasonics
Corporation, Digital Soniﬁer 450) using an amplitude of 40%,
running for 60 min (set in pulse mode, 5 s on and 3 s off).
SCMC was introduced to aid exfoliation of EG and improve
the dispersibility of GNS. The weight ratio of EG to SCMC
solution was 2.3%. During sonication treatment, ice water bath
was used to prevent mixture from overheating.
Water-borne polyurethane (WPU) was utilized as the coat-
ing agent due to its good adhesion to fabrics and non-
pollution. It was added into the GNS suspension and mixed
with thickening and crosslinking agent by different contents
under stirring, and a series of coating slurry with different
weight ratios of EG/PU (20%, 30%, 40% and 50%) were
obtained. The slurry were coated onto vinylon fabrics (Hebei
Junxing fabric Co. Ltd., 1 mm in thickness) with different wet
thicknesses (0.13, 0.39, 0.65, 1.00, 1.50 mm) by a blade coating
machine (Guangdong Huibao Dyeing Machinery Factory,
HB-TC), dried at the room temperature, and ﬁnally cured in
an oven at 120 1C for several minutes.
The morphology of GNS was investigated by FESEM (Hita-
chi, S-4800), and the structural characteristics were analyzed by
FTIR (Nicolet, 8700). For the RL measurement, coated fabrics
were cut into the size of 18 cm 18 cm, and pasted on an
aluminum substrate. While for EM parameters, GNS were mixed
with PU at the ﬁlling ratio of 10 wt% and compressed to standard
ring shapes (outer diameter: 7 mm, inner diameter: 3.04 mm, and
thickness: 2.6 mm). Both the RL and EM parameters were
measured by a microwave vector network analyzer (Agilent,
E8363A). In addition, for the purpose of light coating, the area
density (dA) of GNS/PU nanocomposites coated on fabrics was
studied, which could be calculated as follows:
dA ¼
wcw0
s
ð1Þ
where w0, wc are the dry weight of fabric before and after coating,
and s is the area of fabric (18 cm 18 cm in our case).
3. Results and discussion
3.1. Morphology and structure of GNS and GNS/PU coating
Fig. 1(a) and (b) show the accordion-like structure of EG, in
which graphite ﬂakes connect with each other. From Fig. 1(c)
and (d), separated sheet morphology of GNS after tip-sonica-
tion can be seen, with the inferred size and thickness about
2–5 mm and 50 nm, respectively. Comparing Fig. 1(b) with (c),
it is evident that the sheet thickness has not been changed in
ultrasonication process. Besides, the rough surface of GNS/PU
coated fabric (30%) is shown in Fig. 1(e), and it reveals that
some composites penetrate into the inner fabric. Fig. 1(f) shows
the GNS dispersing in PU on the vinylon fabric.
To further explore the difference of inner structure between
GNS and natural graphite (NG), FTIR spectra analyses are
conducted. It is noted that NG ﬂakes show few absorption
bands in the 400–4000 cm1 range of FTIR spectra [29], as
demonstrated in Fig. 2. But different results are shown on
GNS. The peak around 1111 cm1 is due to the stretching
vibrations of C–O groups on the surface of GNS, the
absorption peak at 1384 cm1 can be assigned to the bending
vibration of C–OH, and the peaks at 2924 and 2854 cm1 are
Fig. 1 FESEM images of expanded graphite (EG) after microwave irradiation (a,b), graphite nanosheets (GNS) obtained by
ultrasonication (c,d), GNS/PU coated vinylon fabric (e,f).
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Fig. 2 FTIR spectra of graphite nanosheets (GNS) and natural
graphite (NG).
Miao-miao Yu et al.290resulted from O–H stretching vibrations [26]. The broad band
around 3440 cm1 and the peak at 1630 cm1 are attributed to
the presence of hydroxyl groups as a result of absorbed water,and the peak at 2360 cm1 is caused by CO2 in the air. The
results show that some kinds of groups or atoms are
introduced into GNS compared with NG.
3.2. Electromagnetic (EM) parameters of GNS
In order to evaluate the reﬂection loss (RL) of GNS, EM
parameters were measured ﬁrst in the frequency range of
2–18 GHz. The RL of a single layer of microwave absorber
can be calculated as follows:
R¼ 20log9 ZinZ0
Zin þ Z0
9 ð2Þ
where Z0 is the impedance of free space and Zin is the input
characteristic impedance at the absorber/air interface:
Z0 ¼
ﬃﬃﬃﬃﬃ
m0
e0
r
ð3Þ
Zin ¼Z0
ﬃﬃﬃﬃ
mr
er
r
tanh j
2pfd
c
ﬃﬃﬃﬃﬃﬃﬃﬃ
mrer
p  ð4Þ
Novel MAFs coated with GNS/PU nanocomposites 291The impedance matching condition for minimizing reﬂection
of incident plane wave is Zin¼Z0. c is the speed of light, f is
the microwave frequency, and d is the thickness of coating.
er is the complex relative permittivity:
er ¼ e0je00 ð5Þ
mr is the complex relative permeability:
mr ¼ m0jm00 ð6Þ
The real part ðe0m0Þ, determines the storage capability, and the
imaging part ðe00m00Þ determines the loss of electromagnetic
energy. In order to meet the impedance matching and micro-
wave attenuation condition, the parameters must meet the
equation er ¼ mr in a wide frequency range, and the imaging
part ðe00m00Þ should be as large as possible. In a word, for the
ideal absorption coating, weight ratio, coating thickness and
EM parameters should all be appropriate [19,30–33].
The frequency spectra of complex relative permittivity ðerÞ
and permeability ðmrÞ are shown in Fig. 3. It is observed that
both the real part ðm0Þ and imaginary part ðm00Þ of mr are very
low, while those of er are much greater. This implies GNS are
mainly dielectric loss materials. It can also be seen in Fig. 3(a)
that e0 decreases with e00 increasing in 7–9.3 GHz, and then e0
increases while e00 decreasing in 11.3–15 GHz. These ﬂuctua-
tions are understandable because imaginary permittivity
(energy dissipation) and real permittivity (energy storage) are
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Fig. 3 Frequency dependence of the complex relative permittiv-
ity (er) (a) and complex relative permeability (mr) (b) of graphite
nanosheets (GNS).According to the free electron theory
e00  1=2pe0rf ð7Þ
where r is the resistivity, the high electric resistivity is
favorable to the improvement of the microwave absorption
properties [14]. In general, the dielectric loss is mainly
attributed to the conductance loss of GNS and interfacial
polarization between GNS and PU [13,19]. Besides, the
polarization relaxation process caused by introduced groups
(C–O, C–OH) in GNS is also beneﬁcial for dielectric loss [35].
Although the parameters cannot meet the equation er ¼ mr, the
e00 is considerably big, so GNS are expected to be able to
absorb microwave.3.3. Microwave absorption property and mechanism of GNS/
PU coated fabrics
Successively, for the conﬁrmation of microwave absorption
capability of GNS, the reﬂection loss (RL) of GNS/PU coated
fabrics was measured in 2–18 GHz, which is revealed in Fig. 4.
The fabric with GNS/PU nanocomposites (weight ratio: 20%)
exhibits good absorption property at 1 mm. It can achieve a RL
below 5 dB in 9.3–18 GHz, and the minimum RL value reaches
26 dB at 13.3 GHz. In order to search for the upper limit of
thickness, 1.50-mm-thick GNS/PU nanocomposites was coated
on fabric and the result shows it is not good as the former one.
For the fabric with GNS/PU (30 wt%, 0.39 mm), the 5 dB
absorption range is obtained in the range of 10.7–18 GHz and
10 dB in 12.7–18 GHz. The RL peak value is 28 dB at
15.2 GHz. As for coatings in 40 wt%, although the RL peak
values are very low at 0.13 and 0.39 mm (Fig. 4(c)), they exist
at high frequency and the effective bandwidths are very narrow.
The widest 5 dB absorption range for coatings in 50 wt% is
8.7–18 GHz at 0.65 mm, but the peak value is very high. So most
of them (Fig. 4(c) and (d)) cannot be applied in practice except for
the 50 wt% one with 1.00-mm-thick coating, because it starts to
attenuate microwave from 2 GHz and may be potential for
broadband absorption.
The general trends shown by the four ﬁgures are that all
curves shift towards lower frequency gradually with the
increasing coating thickness at the same weight ratio, and
the minimum RL values change as well, which are all in
accordance with the relationship between matching thickness
ðdmÞ and matching frequency ðfmÞ
dm ¼ c=ð4fm
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
9er99mr9
q
Þ ð8Þ
where c is the velocity of light [19].
Furthermore, at the same wet coating thickness ðdcÞ, fabrics
with different GNS/PU ratios show different absorption
properties: when dc¼0.13 mm, all samples cannot attenuate
microwave effectively; dc¼0.39 mm, the fabric with GNS/PU
(30 wt%) exhibits excellent result in a wide frequency range;
dc¼0.65 mm, the second sample (30 wt%) also shows much
better results than others; dc¼1.00 mm, only the fabric with
GNS/PU (20 wt%) shows strong absorption property. It is
evident that both GNS content and coating thickness have
great inﬂuences on absorption performances. The reason for
this phenomenon is when the weight ratio and thickness are
too low, the microwave will go through the coatings and
fabrics; on the contrary, it will be reﬂected back on the surface
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Fig. 4 RL curves versus frequency of fabrics with different wet coating thicknesses and weight contents of graphite nanosheets (GNS):
(a) 20%, (b) 30%, (c) 40%, and (d) 50%.
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Fig. 5 Schematic showing attenuation mechanism, EI is the
incident wave, ER is the reﬂected wave, EI–R is the microwave
entering into graphite nanosheets (GNS), EMR is the multi-
reﬂected wave and ET is the transmitted wave.
Miao-miao Yu et al.292of coatings. Only in the proper range, microwave can go into
the coatings and be attenuated effectively.
In our case, microwave can be attenuated not only by
dielectric loss but also by multi-reﬂection inside or among
GNS. As to GNS, at a certain distance known as the skin
depth ðd¼ ð
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pf ms
p
Þ1Þ, the electric ﬁeld drops to (1/e) of the
incident strength, where f is the frequency, m is the absorber’s
permeability ðm¼ m0mrÞ, m0 equals to 4p 107 H=m, mr is the
absorber’s complex relative permeability and s is the electrical
conductivity. If the thickness of GNS is larger than skin depth,
microwave entering into GNS will be attenuated by dielectric
loss. On the contrary, multi-reﬂection inside GNS will play an
important role [12]. Moreover, Dihedral angles could be easily
formed because of the random arrangement of GNS (Fig. 1(c)
and (d)), so microwave will be reﬂected more times among
them, which increases the propagation path of microwave in
the absorber. The schematic diagram can be seen in Fig. 5.
Fan et al. [25] reported a similar absorption mechanism. In
addition, the rough surface formed by GNS/PU nanocompo-
sites and vinylon ﬁbers (Fig. 1(e)) maybe helpful for micro-
wave attenuation, as it also provides the propagation path of
microwave and reduces reﬂection on the coating surface. This
speculation may explain the better microwave absorption
performance of GNS/PU coated fabrics than other similar
MAFs or coatings.
3.4. Areal density of GNS/PU coatings
Besides excellent microwave absorption property and lower
thickness, lighter coating is also one aim of this study, so ﬁnallythe areal density (dA) of GNS/PU coating is calculated and the
results are shown in Table 1. It can be seen all dA values are less
than 200 g/m2. It increases with the coating thickness, but
decreases with the weight ratio, which can be contributed to
the big volume ratio of GNS to PU. In particular, for 30 wt%
coating at 0.39 mm, it is only about 130 g/m2. Thus it can be
concluded absorbing fabrics with thin thickness, light weight,
strong absorption and low cost have been prepared.4. Conclusions(1) Light and thin GNS/PU nanocomposites coated vinylon
fabrics with excellent microwave absorption properties
Table 1 Areal density (dA) of GNS/PU coatings with different thicknesses and contents of GNS.
Thickness (mm) Areal density (g/m2)
20% GNS 30% GNS 40% GNS 50% GNS
0.13 129.6 117.3 92.6 74.1
0.39 142.0 129.6 104.9 86.4
0.65 154.3 142.0 117.3 98.7
1.00 172.8 154.3 135.8 117.3
1.50 197.5 – – –
Novel MAFs coated with GNS/PU nanocomposites 293were prepared in this study, in which GNS were simply
obtained by microwave expansion and surfactant
assisted sonication. Although the complex relative per-
meability ðmrÞ of GNS is very low, by controlling
GNS content and coating thickness, RL measurement
exhibits good results. All RL curves shift towards lower
frequency with the increasing coating thickness at the
same weight ratio of GNS, while at the same coating
thickness, fabrics with different GNS/PU ratios also
show different absorption results. Among them, the best
one is 30 wt% GNS coated fabric with a wet coating
thickness of 0.39 mm and a dry areal density of 130 g/m2.
It can achieve a RL below 5 dB in 10.7–18 GHz and
10 dB in 12.7–18 GHz, with the minimum RL value
28 dB at 15.2 GHz.(2) The effective microwave absorption may be ascribed to
the strong dielectric loss of GNS and the multi-reﬂection
attenuation of incident microwave. The rough surface
formed by GNS/PU nanocomposites and vinylon ﬁbers
as well as dihedral angles between GNS increase the
propagation path of microwave, which results in better
microwave absorption performance of GNS/PU coated
fabrics than other similar MAFs or coatings.Acknowledgments
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